The B10.Q͞J strain of mice was serendipitously discovered to be highly susceptible to infection by the intracellular protozoan parasite, Toxoplasma gondii but markedly resistant to induction of autoimmune arthritis. We have previously shown that the B10. 
S
tudies with IL-12-deficient mice have demonstrated an essential role for endogenous IL-12 in promoting the generation of IFN-␥-secreting effector lymphocytes required for resistance to intracellular pathogens, such as Toxoplasma (1) (2) (3) , Mycobacteria (4), and Leishmania (5) . Similarly, mice deficient in Stat4, a signal transducer and activator of transcription (Stat) involved in IL-12 signal transduction display, impaired development of T H 1 lymphocytes and susceptibility to these intracellular pathogens (6, 7) . Patients with hereditary deficiencies in IL-12R␤1 expression and function present with severe atypical Mycobacteria and Salmonella infections (8, 9) . Interestingly, defective IL-12 signaling, evident as impaired phosphorylation of Stat1, -3, and -5, is also associated with susceptibility to atypical mycobacterial and staphylococcal infections in a patient, despite apparently normal expression of IL-12 receptor and Stat4 phosphorylation (10) . Thus, in both mice and humans, IL-12 function is critical for resistance to intracellular pathogens.
In contrast to its protective role against infectious pathogens, IL-12 contributes to the pathogenesis of organ-specific autoimmune diseases (mediated by TH1 type lymphocytes reactive to self-antigens) (11) . In the DBA͞1 model of collagen-induced arthritis induced by active immunization with Type II collagen, IL-12 deficiency results in a profound reduction in severity and incidence of joint disease (12) . In addition, a critical role of IL-12 in pathogenesis of insulin-dependent diabetes mellitus (13) , inflammatory bowel disease (14) , and experimental allergic encephalomyelitis (15) has also been demonstrated. Taken together, IL-12 can be viewed as a ''double-edged sword,'' playing a requisite protective role against infection yet promoting the tissue-destructive effector functions of self-reactive lymphocytes.
The ability of IL-12 to regulate resistance to autoimmunity and susceptibility to infectious challenges depends critically on an intact IL-12 signaling pathway. Thus, genetic defect(s) along this pathway will have both beneficial and deleterious effects, manifesting as resistance to autoimmune diseases and susceptibility to infectious pathogens. We have recently reported a genetic defect in the B10.Q-H 2q ͞SgJ (B10.Q͞J) strain of mice maintained at The Jackson Laboratory, which, unlike B10.Q strain mice from Taconic Farms, are, for unknown reason(s), resistant to of collagen-induced arthritis and extremely susceptible to infection with protozoan parasite, Toxoplasma gondii (3, 16) . This B10.Q͞J phenotype was associated with hyporesponsiveness to IL-12, resulting in poor IFN-␥ responses to autoantigen priming or parasite challenge. Preliminary genetic analysis, by using T. gondii susceptibility as readout, demonstrated that the B10.Q͞J phenotype is controlled by a major autosomal recessive locus (3). We have now successfully linked the B10.Q͞J locus to mouse chromosome 9 and identified the genetic lesion underlying the opposing effects this locus exerts on autoimmune and infectious disease development.
Materials and Methods
Animals. B10.Q-H 2q ͞Sgj (B10.Q͞J) mice were obtained from The Jackson Laboratory. B10.Q͞Ai mice were obtained from Taconic Farms through the National Institute of Allergy and Infectious Diseases. Homozygous Tyk2 null mice (17) were used after backcrossing to C57BL͞6 background for six generations. All mice were housed under specific pathogen-free conditions at Brown University.
Linkage Analysis of B10.Q͞J Susceptibility to T. gondii Infection.
(B10.Q͞J ϫ BALB͞c) ϫ B10.Q͞J F 1 backcross mice were phenotyped individually with respect to IFN-␥ production and resistance to T. gondii and genotyped by using simple sequence length polymorphism markers polymorphic between B10 and BALB͞c from Research Genetics (Huntsville, AL) according to the manufacturer's protocol. Detailed procedures used for sequence determination of the Tyk2 coding region and AvaI restriction typing at the Tyk2 locus can be found in Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.pnas.org.
Cytokines, Antibodies, and Reagents. Murine rIL-12 (a gift of the Genetics Institute, Cambridge, MA) was used at a concentration of 50 ng͞ml. Murine IFN-␣ was purchased from PBL Biomedical Laboratories (New Brunswick, NJ) and used at 1,000 units͞ml. Human rIL-23 was purchased from R & D Systems and used at a concentration of 1 g͞ml. Antibodies to Stat1 (E-23); p-Stat1 (Tyr 701); Stat3 (C-20); p-Stat3 (B-7); Stat4 (C-20); Tyk2 (C-20, H-135, C-8); p-Tyk2 (Tyr 1054͞1055); Janus kinase (Jak)2 (C-20); and appropriate horseradish peroxidase-conjugated secondary IgG antibodies were obtained from Santa Cruz Biotechnology. Additional anti-human Tyk2 Abs (polyclonal T10-2 and monoclonal R5-9) were obtained from BD Biosciences (San Diego) and were donated by S. Pellegrini (Pasteur Institute, Paris). Antibody to p-Stat4 (Y693) was purchased from Zymed. The antiphosphotyrosine antibody (p-Y) clone 4G10 was obtained from Upstate Biotechnology (Lake Placid, NY).
In Vitro Assays for Cytokine Signaling͞Responsiveness. Cell extracts were prepared from splenocytes activated with Con A (1 g/ml) for 3 days and serum starved for 4 h. In some cases, MG-132 (10 ng/ml) (Sigma) was added during the starvation period. Before lysis with RIPA buffer, cells were stimulated with or without cytokines at 37°C for the indicated times. Total cell lysate (1.5-2 mg) was used for immunoprecipitation and subsequent immunoblotting detection of p-Tyk2, Tyk2, p-Jak2, and Jak2 according to published methods (17) . IFN-␣ responsiveness was assayed by using inhibition of vesicular stomatitis virus infection in primary cultures of lung fibroblasts (see Supporting Materials and Methods).
In Vitro Mutagenesis of Human Tyk2 and Complementation Assay.
The human E783K mutation was introduced by PCR and by the overlap extension method, subsequently subcloned into pRcCMV-Tyk2B (18) , and sequenced. Stable clones of E782K and R856G transfectants were generated and analyzed for IFN responsiveness (19) , details of which are available as Supporting Materials and Methods.
Results
Linkage of B10.Q͞J Phenotype to Chromosome 9 and Genetic Identity with Tyk2. To identify the B10.Q͞J gene, we undertook a genetic approach to map the location of the susceptibility locus in the genome and to test potential candidate gene(s) present in the linked region. We have previously shown that B10.Q͞J ϫ BALB͞c F 1 progeny to be normal. In contrast, approximately half of the (B10.Q͞J ϫ BALB͞c) ϫ B10.Q͞J backcross progeny regain the B10.Q-defective phenotype indicative of a single recessive locus control (3) . To map this locus, we performed an initial genomewide scan involving 52 such F 1 backcross mice and using 43 simple sequence length markers polymorphic for B10.Q and BALB͞c. In this initial experiment, the B10.Q͞J phenotype of increased pathogen burden displayed strongest association with a B10.Q allele of D9Mit191, a mouse chromosome 9 marker, with no additional significant linkages observed (unpublished data).
To improve the resolution of our mapping experiment, we analyzed a total of 189 F 1 backcross progeny and 20 additional chromosome 9 markers. As shown in Table 1 , significant logarithm of odds (LOD) scores were obtained over a proximal region of mouse chromosome 9. A peak LOD score of 22.1 was observed for D9Mit328 located 17 cM away from the centromere. However, the B10.Q phenotype appeared to map Ϸ15 cM proximal of D9Mit328 (31 recombination events in 189 backcross mice). This observation and the lack of more polymorphic markers proximal to D9Mit328 led us to investigate the presence of candidate genes in this region using the UCSC genome database (http:͞͞genome.ucsc.edu). In a short segment of mouse chromosome 9 syntenic to human chromosome 19, we identified Tyk2, one of four Jaks involved in cellular signaling by cytokine receptors (20) . Tyk2 maps 8 cM away from the centromere and 15 cM proximal to D9Mit328, the most centromeric marker analyzed in the cross (http:͞͞genome.ucsc.edu). Importantly, Tyk2-deficient mice exhibit impaired responsiveness to IL-12, similar to the B10.Q͞J mice (17, 21) . The location of Tyk2 on chromosome 9 and its critical role in IL-12 signaling prompted us to test Tyk2 as a candidate gene for the B10.Q͞J locus.
Thus, we tested for the ability of B10.Q͞J mice to genetically complement a homozygous null mutation in the Tyk2 locus. As shown in Fig. 1a , B10.Q͞J and Tyk2 Ϫ/Ϫ lymphocytes displayed impaired IL-12-induced Stat4 activation compared with the wild-type B10.Q͞Ai cells consistent with previous data (3). As expected, Stat4 activation was restored to near wild-type levels in B10.Q͞Ai ϫ Tyk Ϫ/Ϫ but not in B10.Q͞J ϫ Tyk2 1a) . This analysis was extended by assessing the ability of the F 1 progeny to mount an IFN-␥-dependent protective response to T. gondii challenge. When challenged with T. gondii, both B10.Q͞J and Tyk2 Ϫ/Ϫ mice, in contrast to the wild-type mice, were highly susceptible, exhibiting low IFN-␥ levels and high parasite numbers ( Fig. 1 b and c) . In contrast to the parental Tyk2 Ϫ/Ϫ mice, B10.Q͞Ai ϫ Tyk2 Ϫ/Ϫ F 1 progeny were now able to mount an effective immune response to the T. gondii challenge ( Fig. 1 b  and c) . Importantly, B10.Q͞J ϫ Tyk2 Ϫ/Ϫ F 1 progeny remained susceptible to infection, as shown by low serum IFN-␥ and high parasite counts ( Fig. 1 b and c) . This negative complementation test provides definitive evidence for genetic identity between Tyk2 and the B10.Q͞J locus.
B10.Q͞J Tyk2 Has a Single-Base Mutation Resulting in an E775K
Substitution Within the Pseudokinase Domain of Tyk2. Jaks share a common structure, comprising of seven Jak homology (JH) domains (Fig. 2a) . The N terminus of Jaks (JH7-JH3) is important for association with the intracellular tails of cytokine receptors and nuclear localization (22, 23) , whereas the Cterminal JH1 domain contains the kinase domain (24) (25) (26) . To investigate the precise nature of the mutation in the Tyk2 gene, Tyk2 cDNAs from the spleen of both B10.Q͞Ai and B10.Q͞J mice were amplified and sequenced. This analysis revealed a single missense mutation (G3A substitution) at position 2538 in the B10.Q͞J Tyk2 coding region (Fig. 2a) . The B10.Q͞Ai strain Tyk2 sequence was completely identical to the published sequence derived from C57BL͞6 strain (GenBank accession no. NM018793) (Fig. 2a) . In-frame translation of the B10.Q͞J Tyk2 nucleotide sequence predicts a nonconservative substitution from glutamic acid (E) to lysine (K) at position 775 (Fig. 2a) , occurring within a highly conserved APE motif of the JH2 (pseudokinase) domain of Tyk2 (18, 27, 28) . The G3A substitution in the B10.Q͞J strain results in the obliteration of an AvaI restriction site present in the wild-type Tyk2 genomic sequence (Fig. 2a) , confirmed by data shown in Fig. 2b Left). Analysis of this restriction site polymorphism was able to predict the phenotype of all 179 F 1 backcross mice genotyped (Fig. 2b shows a sampling of this analysis). Thus, in addition to confirming the presence of the E to K mutation in the genome, the complete segregation of the B10.Q͞J phenotype with the Tyk2 polymorphism further substantiates the genetic identity of B10.Q͞J locus to be Tyk2 (Table 1) . However, our results do not exclude the unlikely existence of an additional mutation outside of the Tyk2 coding region. The activation of Tyk2 has been implicated in the signaling of various cytokines, including, IL-3, -6, -10, -12 and Type I IFNs (27) . Nevertheless, mice deficient in Tyk2 function exhibited hyporesponsiveness mainly to IL-12 and Type I IFNs (17, 21) . The nonconservative (E775K) mutation observed in the B10.Q͞J Tyk2 gene might lead to a global or selective disruption of cellular responses to IL-12 and Type I IFNs. Fig. 3a demonstrates that the impaired IL-12 responsiveness of B10.Q͞J lymphoblasts is not restricted to Stat4 phosphorylation (ref. 16 and Fig. 1a above) but also extends to Stat1 activation, indicative of a more global negative effect on signaling downstream of the IL-12 receptor.
To evaluate the impact of the B10.Q͞J mutation on IFN-␣ responsiveness, fibroblasts were derived from lungs of wild-type and B10.Q͞J as well as Tyk2-deficient mice. As shown in Fig. 3b , in response to IFN-␣ treatment, Stat1 activation was impaired in B10.Q͞J-derived fibroblasts, relative to similarly treated B10.Q͞Ai cells. As an additional bioassay, we assessed the ability of IFN-␣ to elicit an antiviral response to vesicular stomatitis virus in the same fibroblasts. Fig. 3c demonstrates that B10.Q͞J cells, similar to Tyk2 Ϫ/Ϫ fibroblasts, required a 100-fold (relative to wild-type cells) higher concentration of IFN-␣ to achieve full protection, suggesting the existence of a Tyk2-independent but IFN-␣͞␤R-dependent biologic response. Thus, the E775K mutation in B10.Q͞J Tyk2 is associated with a hyporesponsive phenotype to both IL-12 and type I IFNs, indistinguishable from that induced by genetic ablation of Tyk2.
The defective response of the B10.Q͞J cells may also extend to IL-23, an IL-12p40-containing heterodimeric cytokine reported to use the IL-12R␤1 subunit and activate an common set of Jak-Stats, including Tyk2. To investigate the impact of the B10.Q͞J mutation and the role of Tyk2 in IL-23 signaling, we used Stat3 phosphorylation as a readout, because IL-23 is a weak inducer of Stat4 activation (ref. 29 and unpublished data). As shown in Fig. 3d , in response to IL-23 treatment, wild-type T cell blasts displayed increased phospho-Stat3 levels, whereas in similarly treated B10.Q͞J or Tyk2 Ϫ/Ϫ lymphocytes the induction of Stat3 phosphorylation was not observed. The latter finding represents the first indication that Tyk2 plays an essential role in IL-23 signaling and further demonstrates that the B10.Q͞J response defect extends to this cytokine. Overall, the above studies with all three cytokine responses demonstrate that B10.Q͞J cells are functionally equivalent to Tyk2 null cells, leading us to investigate Tyk2 gene expression and function in the B10.Q͞J strain.
B10.Q͞J Tyk2 Gene Expression and Protein Function.
To address the issue of expression and function of the B10.Q͞J Tyk2 gene product, IL-12-induced Tyk2 phosphorylation was assayed in T cell blasts derived from B10.Q͞Ai and B10.Q͞J mice. This assay was performed by immunoprecipitation of Tyk2 from cell ex- tracts by using the C-20 Ab generated against residues 1170-1187 of human Tyk2. Precipitated material was then probed with either phosphotyrosine-specific or the same Tyk2-specific C-20 Ab. As shown in Fig. 4a , whereas the phosphorylated form of Tyk2 was observed in IL-12-treated B10.Q͞Ai cells, we were consistently unable to detect the activated form of Tyk2 in similarly treated B10.Q͞J cells. Identical negative results were obtained with an antibody specific to the phosphorylated form of human Tyk2 (unpublished data). Surprisingly, when the same immunoprecipitates were probed with the C-20 Ab, a 135-kDa band corresponding to mouse Tyk2 was visible only in B10.Q͞Ai extracts (Fig. 4a) . Attempts to visualize either wild-type or mutant forms of the mouse Tyk2 gene product by using five additional anti-human Tyk2 Abs (including T10-2) were not successful. Contrary to the complete absence of immunoreactive Tyk2 protein, B10.Q͞J cells expressed normal levels of Jak2 protein and exhibited an IL-12-inducible Jak2 phosphorylation response, as observed in Tyk2 Ϫ/Ϫ cells (Fig. 4b) . Thus, the E775K mutation appears to result in either a loss in antigenicity for the C-20 anti-Tyk2 Ab or Tyk2 protein instability. To address the possibility that the lysine substitution enhances proteasomemediated degradation (30, 31) of mutant Tyk2, T cell blasts from wild-type and B10.Q͞J were treated with proteasome inhibitor, MG-132, 8 h before cell lysis. As shown in Fig. 4c , MG-132 pretreatment failed to reveal Tyk2 immunoreactivity in B10.Q͞J cells. In wild-type cells, treatment with proteasome inhibitor caused the appearance of a higher molecular weight Tyk2 band (Fig. 4c) , presumably resulting from accumulation of the ubiquitinated form of the protein. Overall, the above results indicate .Q͞J cells have equivalent amounts of Tyk2-specific transcripts compared with wild-type cells. cDNA was prepared from the spleens of B10.Q͞Ai or B10.Q͞J mice followed by PCR with primers specific for the 3Ј terminus of Tyk2 (Fragment E: 2143-2580). cDNA primed with random hexamers in the presence of reverse transcriptase (RT) from both strain of mice was diluted serially (1:5) (lanes 2-5 and 7-10). cDNA primed in the absence of RT lack Tyk2-specific transcripts (lanes 1 and 6) .
that the mutant mouse Tyk2 protein, for unknown reasons, is poorly expressed in B10.Q͞J cells, despite the fact Tyk2-specific transcripts are readily detectable in RNA preparations isolated from both wild-type and mutant B10.Q͞J cells (Fig. 4d) . To further examine the effect of the E775K mutation on Tyk2 function, the corresponding E782K mutation in the human Tyk2 cDNA was made and tested for functional complementation of the IFN-␣ unresponsive Tyk2 null 11,1 human cell line (19) . Cells (11, 1) were stably transfected with wild-type Tyk2, the E782K mutant, or a previously described kinase-inactive mutant R856G (18) . The levels of mutant Tyk2 protein were monitored by Western blot by using the T10-2 mAb and were found to be comparable to wild-type Tyk2 (Fig. 5 , which is published as supporting information on the PNAS web site). Pools of neo R cells were plated in hypoxanthine/aminopterin/thymidine medium supplemented with IFN-␣ and monitored for colony formation (19) . Although Ͼ200 colonies arose from cells transfected with wild-type Tyk2, no colonies were obtained from the R856G or the E782K transfected pools, showing that the latter mutant, similar to the R856G mutant, failed to restore IFN-␣ responsiveness. The latter result indicates that lysine substitution of this conserved glutamic acid residue of the pseudokinase domain of human Tyk2 results in complete loss of function, consistent with our earlier observations that B10.Q͞J mouse cells behave essentially as Tyk2 nulls in their responsiveness to IL-12, IL-23, and type I IFN.
Discussion
In the present study, we have used linkage analysis to identify the underlying genetic defect responsible for the altered immune phenotype of the B10.Q͞J strain of mice. This B10.Q substrain, from The Jackson Laboratory, was serendipitously discovered to be naturally refractory to collagen-induced arthritis induction and exquisitely sensitive to T. gondii infection (3, 16) , apparently resulting from impaired IL-12 responsiveness of B10.Q͞J lymphocytes. We now provide definitive genetic and functional evidence that the gene mutated in the defective B10.Q͞J mice is indeed Tyk2, a Jak critically involved in IL-12 cell signaling. To our knowledge, this is the first report, in mice or humans, of a spontaneously occurring mutation in Tyk2, functionally linked to altered disease susceptibility. Our earlier in vivo characterization of T. gondii infection and collagen-induced arthritis development in the mutant B10.Q͞J strain provides a clearer picture of the consequences of Tyk2 deficiency on infectious and inflammatory disease processes, not previously reported in the initial studies of Tyk2 knockout animals (21, 25) . Our studies further suggest that polymorphisms at the Tyk2 locus could act as a modifier of autoimmune and infectious disease susceptibilities. Of specific interest is a cohort of children with increased susceptibility to avirulent bacterial infections. In addition to the previously reported alterations in the genes encoding for IL-12 subunits (32), IL-12 receptor chains (8, 9, 33, 34) , the IFN-␥ receptor (35, 36) , or Stat1 (37) mutation(s) in the Tyk2 gene may underlie the phenotype of a subset of patients with still unexplained immunodeficiency (38, 39) .
Although the Tyk2 mutation in B10.Q͞J mice evidently impairs cellular responses to IL-12, IL-23, and IFN-␣, precisely how the G3A transition affects the fate and function of Tyk2 in murine cells remains unclear. This point mutation is predicted to introduce a nonconservative amino acid (E775K) substitution in the Tyk2 JH2 domain. Unexpectedly, the B10.Q͞J Tyk2 protein could not be detected by using either Tyk2-or phospho-Tyk2-specific Ab reagents (Fig. 4a and unpublished data) , even in the presence of a proteasome inhibitor and despite detectable expression of Tyk2 mRNA. However, when the analogous E782K mutation was introduced in the human Tyk2 cDNA, protein expression in transfected cells was readily detectable, thus permitting functional evaluation of this pseudokinase domain mutant. Although devoid of any intrinsic kinase activity, the JH2 domain has recently been demonstrated to play a critical role in modulating Jak activation and function (18, 40, 41) . Our preliminary experiments indicate that the E782K mutant, just like the R856G variant (18) , is basally hyperphosphorylated (Fig. 5 ) and fails to complement IFN-␣ responsiveness in Tyk2-deficient 11,1 cells. Like E782, R856 is localized in the pseudokinase domain. These two residues are conserved throughout the tyrosine kinase superfamily and are thought to form an internal salt bridge, thus providing structural stability (18, 28) . Given this structural relationship and the functional similarities, it is likely that the E782K mutant will also have poor kinase activity on receptor substrates (18) . Further comparative studies of the human and mouse forms of the E and R Tyk2 mutants could resolve whether the apparent disparity in mutant Tyk2 protein expression and stability reflects a real species difference or stems from technical issues related to the use of anti-human Tyk2 Ab reagents.
The original descriptions of the Tyk2 mice show only partial susceptibility to vaccinia challenge (17, 21) . Similarly, a residual Stat4 phosphorylation response to IL-12 has been observed in both Tyk2 Ϫ/Ϫ and B10.Q͞J cells. We have previously demonstrated that this Tyk2-independent IL-12 response is biologically significant, because the in vivo rescue of B10.Q͞J mice from T. gondii susceptibility by IL-18 treatment required endogenously produced IL-12 (3) . Although the precise mechanism(s) of the IL-18 effect remains to be elucidated, we speculate that signals downstream of the IL-18R can effectively cooperate with partial IL-12 signaling presumably mediated by Jak2. One possible mechanism might involve IL-18-induced and p38-mediated phosphorylation of Stat4 at S721, an event recently shown to be critical for IL-12-induced IFN-␥ production (42) .
Our present findings and our earlier report that the B10.Q͞J mouse is refractory to collagen-induced arthritis (16) clearly indicate a critical role for Tyk2 in autoimmune and inflammatory disease pathogenesis. The greater resistance of the B10.Q͞J strain, relative to IFN-␥R (43) or IL-12 knockout mice (12), could be explained by the pleiotropic role of Tyk2 in signaling by multiple cytokines, including IL-12, IL-23, and type I IFNs. Even though IL-12 has been shown to be the most potent differentiation factor for T H 1 self-reactive lymphocytes, IL-12p35-deficient animals still develop significant autoimmune disease. In contrast, IL-23p19 knockout animals exhibited complete resistance to experimental autoimmune encephalomyelitis, an autoimmune demyelinating disease of the CNS, despite the presence of T H 1 cells (44) . Thus, disease expression requires both IL-12 and IL-23 operating in the inductive and effector phases of the autoimmune response, respectively. Our results predict that the B10.Q͞J autoimmune response is blunted at both stages. It remains unclear whether hyporesponsiveness to type I IFNs further contributes to the resistance of B10.Q͞J mice to collagen-induced arthritis. Nonetheless, central roles for type I IFNs and Tyk2 in the pathogenesis of both systemic lupus erythematosus (45) and lipopolysaccharide-induced septic shock (46) have recently been described. Thus, inhibitory targeting of Tyk2 activity represents an attractive treatment strategy for autoimmune and inflammatory diseases.
Finally, our successful identification of the underlying genetic lesion of the B10.Q͞J strain illustrates the power and sensitivity of using T. gondii susceptibility as a biologic endpoint in revealing the most essential components of cell-mediated immunity. This we attribute to the inherently high virulence potential of T. gondii
